A trial fibrillation (AF) is the most common cardiac arrhythmia, affecting >30 million individuals worldwide. 1 In addition, the overall worldwide incidence, prevalence, and AF-associated mortality is increasing. 1 Although incidence is higher in the elderly, the burden of AF is found throughout the entire adult population and results in major morbidity, mortality, 2 and healthcare costs. 3 Despite the clear global impact of AF, our current understanding of the underlying disease process and mechanism of the arrhythmia remains substantially less than other common cardiac arrhythmias.
Paroxysmal AF is a source-based arrhythmia, 4 whereas the mechanism of persistent AF (PsAF) is poorly understood and is based around sources, multiple wavelets, and possibly rotors. There are inherent difficulties in mapping AF, which contribute to this lack of understanding, and multiple different complex techniques being reported, yielding conflicting results. Our lack of understanding of the mechanisms underlying the initiation and maintenance of PsAF limits our ability to develop truly effective ablative therapies and is reflected by substantially lower success rates than in paroxysmal AF. 5 The development of a unifying arrhythmia mechanism that can be used to target specific individual therapies in PsAF remains elusive in cardiac electrophysiology.
The aim of this study was to further understand the predominant mechanism that sustains PsAF in the human heart. We hypothesized that that there would be reproducible electric mechanisms that would explain the maintenance of the atrial arrhythmia and that these would be identifiable using phase analysis techniques.
METHODS
To minimize the possibility of unintentionally sharing information that can be used to identify individuals, the raw data used in this study are not available. However, the analysis tools that support the findings of this study are available from the corresponding author on reasonable request.
Study Design and Recruitment
The STARLIGHT study (Signal Transfer of Atrial Fibrillation to Guide Human Treatment; NCT01765075) was a nonrandomized multicenter observational study to collect and analyze whole-chamber panoramic intracardiac electrograms immediately preceding cardiac ablation for PsAF. Patients were included in the study if they were due to undergo a clinically indicated ablation procedure for the treatment of PsAF. The main exclusion criteria were standard clinical AF ablation contraindications and additional criteria in which basket catheters may be associated with increased clinical risk, including the presence of permanent pacemaker leads, severely stenotic tricuspid and mitral valves, and other abnormal atrial anatomy, which would not be suitable for the Constellation catheters (Boston Scientific, Saint Paul, Minnesota; size, 48, 60, and 75 mm). Enrollment occurred in 2 European centers (Guy's and St Thomas' Hospital, London, and Na Homoice Hospital, Prague) between May 28, 2013, and December 31, 2013. Class I and class III antiarrhythmic medications were withheld for 5 days before ablation, while amiodarone was continued. All patients gave informed consent, and the study was approved by the local ethics committee. Table 1 summarizes the clinical characteristics of each patient.
Data Collection
Simultaneous biatrial panoramic recordings of unfiltered atrial electrograms were performed with 64-pole Constellation basket catheters before AF ablation. The atria were sized preprocedure for optimum catheter size using on-table echocardiography. After transeptal puncture, IV heparin was infused to achieve activated clotting times of >350 seconds. The catheters were fully expanded in each atria, verified by fluoroscopy and transesophageal echocardiography and repositioned if necessary to ensure maximum coverage and contact electrodes. The atrial electrograms were visually inspected to ensure a high proportion of good-quality electrograms and redeployed if not.
Recordings were taken during baseline AF (presenting or induced), using the Ensite Velocity cardiac mapping system (St. Jude Medical) using 2 CathLink modules (providing a total of 128 electrode inputs; Figure 1C and 1D) . In patients presenting in sinus rhythm (representing patients with PsAF having undergone recent cardioversion), AF was initiated using rapid atrial pacing maneuvers in keeping with recent similar study techniques. 6 Electrograms were recorded continuously for 10 seconds at a sampling rate of 2000 Hz (Figure 1 ). Patients then proceeded to their clinical AF ablation using standard techniques.
Data Processing
Electroanatomical data (unipolar electrograms and their associated 3-dimensional coordinates, in addition to anatomic shells and surface electrograms) were exported and processed using Matlab (Mathworks, Natick, MA). The atrial
WHAT IS KNOWN?
• Atrial fibrillation is the most common cardiac arrhythmia, with an increasing incidence, and is a major cause of morbidity and mortality.
• Ablation of paroxysmal atrial fibrillation is substantially more successful than persistent atrial fibrillation and is thought to reflect our lack of understanding of the mechanism involved in persistent atrial fibrillation.
WHAT THE STUDY ADDS?
• Although phase singularities were frequently identified, these were all short lived, and there was no evidence of sustained rotor activity.
• These results were consistent when repeated in a substudy using an alternative rotor mapping technique.
electrograms then required a series of processing steps to transform them into phase to allow spatiotemporal mapping. These steps are summarized below and shown in Figure 2 . The timing of each ventricular beat was identified from reference coronary sinus electrograms ( Figure 2B ) using threshold crossing. An average ventricular beat was then calculated for each of the atrial electrodes by extracting signal segments with a duration equal to the average cycle length, aligned so that the start of the window preceded the timing of the ventricular beat by 0.3 of the average cycle length. The average ventricular beat was then subtracted from each atrial signal. To remove power line interference and low-frequency components, the atrial signals were then filtered with a fourth-order Butterworth band pass filter with passband from 1 to 30 Hz, applied in forward and reverse mode so as to minimize phase distortion. 7 The dominant frequency of the electrogram at each electrode was identified from signal spectra obtained using the Welch method. Briefly, the 10-second recordings were divided into 4 epochs, each overlapping the preceding epoch by half its length. Each epoch was windowed with the Hanning function, and the fast Fourier transform of each windowed epoch was used to create an averaged spectrum with a frequency resolution of 0.25 Hz. The dominant frequency was then the frequency corresponding to the largest spectral peak. Filtered signals were then recomposed using a method described previously 8 to produce a signal suitable for phase analysis. The recomposed signals were then interpolated for each 8×8 grid of electrodes using linear interpolation onto a new grid of 36×40 where each electrode was separated from its neighbor by 4 interpolated points and included interpolation between spline 1 and spline 8 of the catheter system ( Figure 2C ). The alignment of the interpolated grid within the LA and RA anatomy is shown in Figure 2 .
The interpolated and recomposed signals were transformed into phase by calculating the Hilbert transform of each signal, producing a phase map ( Figure 2D ). Phase singularities (PSs) and wave fronts were then calculated using methods described previously. 9, 10 In each frame, location of each PS was compared with locations in the previous frame (10 ms earlier). PS separated by a threshold distance of ≤4 points on the interpolated grid were considered to be identical, and so we were able to estimate not only PS lifetimes but also the number of rotations supported by each PS.
Subset Validation of Phase Mapping Technique
In a subset of patients, analysis was repeated using an alternative, previously tested method of phase analysis in AF to confirm the validity of our main phase mapping technique in cases of atrial tachycardia (n=3), longer lasting PS (n=2), and short-lived PS (n=2). This analysis method has previously been extensively described, 11 and further methodology specific to this study is presented in Methods in the Data Supplement.
Statistical Analysis
Statistics were performed using SPSS statistics, version 21 (IBM SPSS, New York). Results are reported as mean±SD. A paired t test was used to compare continuous variables. Correlation was explored through Pearson correlation and a P value of <0.05 was considered significant.
RESULTS

Recruitment
Recordings from 14 patients were analyzed (mean age, 61±8 years; mean duration of PsAF, 20.2±6.7 months; left ventricular ejection fraction, 59±10%; LA size, 46×58 mm; RA size, 42×55 mm). Five patients had hypertension, 3 had treated obstructive sleep apnea, and 7 patients had a body mass index >30 kg/m 2 . Baseline demographics are presented in Table 1 . Two patients had previously undergone AF ablations, and 1 patient was on amiodarone. The mean duration of PsAF was 36 months. Eight patients presented in sinus rhythm in whom AF was induced before mapping by rapid pacing. Basket catheters were successfully positioned in the LA and RA of each patient, and basket sizes are shown in Table 1 .
Dominant Frequency
The mean dominant frequency recorded over all 64 electrodes in the RA and LA is shown in Table 2 . Overall, there was no significant difference between LA and RA dominant frequency.
Identification of PS
In Figure 3 , we illustrate a single PS, which was present for 0.93 seconds, showing snapshots of recomposed voltage and phase, as well as the raw electrograms from 4 electrodes surrounding the PS location. These electrograms are consistent with sequential depolarization around the PS, followed by regular activity as the PS moves away from this quartet of electrodes.
Number of PSs
We identified PS in both atria, and the total number of PSs detected in each atrium for each patient during the 10-second recording period is shown in Table 3 . Over all 14 patients, the total number of PSs detected in the LA during the 10-second analysis period was higher than the number detected in the RA (779±302 versus 552±235; P=0.015). To compensate for differences in the catheter deployment, we calculated the total area covered by each basket. The number of PSs per unit area is also given in Table 3 , and as for the uncorrected numbers, the PS density was higher in the LA compared with the RA (0.166±0.11 versus 0.07±0.04 PS/mm 2 ; P=0.002).
Lifetime of PS
Overall, there were more PSs in the LA compared with the RA, but PSs detected in the RA tended to have a longer lifetime (mean lifetime: RA, 45.9±22.0 ms; LA, 38.4±17.1 ms; P=0.009). Figure 4A shows that the fraction of PSs with lifetimes >200 ms was higher in the RA compared with the LA (RA mean, 3.77%; LA mean, 2.74%; P=0.023).
However, the number of PSs with lifetimes >200 ms was small; in the LA, we found 262 PSs with lifetime >200 ms and 14 with a lifetime >500 ms. In the RA, we found 224 PSs with a lifetime >200 ms and 19 with a lifetime >500 ms. One patient had no PS in either RA or LA with a lifetime >200 ms, and 1 further patient had no PS with a lifetime >200 ms in the LA but had 2 PSs with a lifetime >200 ms in the RA. The longest lasting PS in the entire cohort had a lifetime of only 1150 ms and represented 8.6 rotations. The percentage of PSs persisting for >2 rotations was 2.6% in the LA and 2.5% in the RA.
LA and RA PS lifetimes were strongly correlated (Pearson correlation, 0.95; P<0.001).
Location and Clustering of PS
The position of each PS was initially mapped onto an 8×8 2-dimensional array. This was then converted to a 3-dimensional reconstruction based on the 3-dimensional coordinates of each electrode. There was significant heterogeneity in the geometric distribution of PS distribution with some patients showing clustering of PS locations and others demonstrating a much more uniform distribution of PSs spread throughout the atrium ( Figure I in the Data Supplement). PS distribution was calculated for 3 sequential 10-second recordings to assess the effects of recording duration on results of this study. Figure II in the Data Supplement shows that PS distribution is similar across sequential recordings for a case with a more clustered distribution (mean correlation coefficient of 0.84) and a more uniform distribution (mean correlation coefficient of 0.86).
Anatomic Location of PS
There were no long-lasting PSs (longest PS duration, 1150 ms), so there is no merit on commenting on likely anatomic positions of rotors. PSs were distributed globally throughout both chambers with no clear anatomic predisposition, irrespective of PS duration length ( Figure 5 ). parameters. These results were not related to the size of the basket used.
Atrial Size
Validity: Comparison With an Alternative AF Mapping Technique
Post hoc datasets were subjected to repeat analysis using an alternative AF phase mapping technique, 11 assessed in the following categories: organized atrial tachycardia (n=3), longer lasting PS duration (n=2), and shorter PS duration (n=2). The atrial tachycardia group consists of 1 patient who presented and was mapped in LA tachycardia (and was subsequently excluded from our main results for PsAF) and 2 patients who presented in AF and developed atrial tachycardia during the ablation procedure.
Phase mapping of atrial tachycardia cases showed agreement across the different phase mapping techniques and to the activation patterns reported during the clinical cases. Figure 6A demonstrates an atrial tachycardia in which there was reentry around the mitral valve annulus and passive RA activation, which was observed using both phase mapping techniques. This can be seen on the phase maps shown in anteroposterior 3-dimensional view and the 2-dimensional displays of the LA for the original phase mapping methodology and the alternative method. Movies I and II in the Data Supplement show phase mapping of this tachycardia using the second method.
Longer lasting PSs identified using the original technique were also identified using the alternative technique. An example is shown in Figure 6B in which a drifting rotor is observed in the RA using both methods. In all the cases, the findings of our main phase analysis were confirmed with the alternative technique.
DISCUSSION
The main finding from this study is that despite using whole-chamber panoramic endocardial mapping and a sophisticated analysis method, no sustained rotors or localized drivers were identified in our PsAF cohort. Only transient rotational activation was present, which by definition does not represent sources but likely the result of passive activation. This is despite using a comparable technique to that used previously by our group in successfully identifying rotors during ventricular fibrillation. The PS results are consistent with the multiple wavelet hypotheses and clearly in contrary to the rotor hypothesis.
Short-lived PSs were identified in the majority of patients, reflecting the anatomic and functional electric heterogeneities present in PsAF. However, such shortlived PSs are not thought to play a role in sustaining AF but secondary to passive activation. There was a greater density of PS in the LA compared with the RA and also in larger LAs, likely because of increased electric and anatomic remodeling. LA and RA PS lifetime was also strongly correlated suggesting that the same underlying process is occurring in both atria. PS duration was shorter in the LA than in the RA, possibly because of increased wavefront collisions. PSs were found throughout all areas of each respective chamber, in a seemingly random distribution.
Despite substantial cellular, animal, and human studies in PsAF, the underlying mechanism responsible for initiation and perpetuating the condition remains nondefined and controversial. The importance of triggers originating from the pulmonary veins is well recognized and underlie the basis for pulmonary vein isolation in paroxysmal AF. 4 However, in PsAF, the atria myocardi- um is thought to play an important role, and there are 2 main contrary hypotheses to explain the underlying mechanism; namely the multiple wavelet hypothesis 12 and the currently favored localized source hypothesis in which organized reentrant circuits (rotors) or focal impulses disorganize into AF. 13 Previous studies have yielded conflicting results as to the presence of rotors. Traditionally, the favored mechanism underlying PsAF was the multiple wavelet hypothesis, in which AF was perpetuated by several randomly wandering wave fronts that vary in position, number, and size. 12 This theory has been substantiated by several mapping studies from animals and humans 14, 15 and recent body surface mapping studies. 16 During recent years, the alternative hypothesis of localized sources, and in particular, rapidly activating atrial reentrant circuits (rotors) as the mechanism for maintaining AF, has been strongly advocated. 17 A substantial body of evidence is emerging substantiating this hypothesis using a variety of methodological techniques. [18] [19] [20] [21] In the CONFIRM study (Conventional Ablation for Atrial Fibrillation With or Without Focal Impulse and Rotor Modulation), rotors and localized focal sources were present in almost all of their patients with AF (98%; mean, 2.3±1.1 concurrent rotors and focal sources) and that targeting these local areas with ablation can terminate the arrhythmia and lead to improved clinical outcomes. 13, 22 Yet, despite such strong results, other research groups have failed to collaborate the high prevalence and stability of rotors, 16, 23, 24 even while using datasets analyzed using different sophisticated mapping techniques using datasets previously thought to show rotors in the CONFIRM study. 25 A rotor in mathematical terms is generally defined as a PS in which the phase activation progresses through a complete cycle from −π to +π. A rotor is also defined by a PS that persists for long enough for the phase pattern to cycle at least twice, 26 whereas in the clinical studies, many rotors are reported as stable for at least 30 minutes (thereby comprising thousands of rotations). 19 Phase tracks progression of an area of myocardium through the action potential and is a thoroughly validated technique. There are significant difficulties in mapping AF, which underlie both the complex signal analysis required and also possibly the conflicting results reported by different research groups. AF electrograms are challenging to analyze because of fractionation, varying cycle lengths, and complex activation patterns, which result in difficulty assigning activation times and windows when assigning isochronal maps and hence unlike atrial tachycardias are not suitable for clinical activation mapping. Removal of the ventricular signal from atrial electrograms can also be problematic, 28 and poor-quality signals can arise if an electrode is not in good contact with excitable tissue. By converting the signals into phase, spatiotemporal mapping can be performed without the need to assign activation timings or windows, and the center of rotational activation is clearly identified (PS 11 ). Despite phase analysis being the preferred method in mapping AF, there are significant challenges in this approach because of the nonsinusoidal and fractionated nature of the recorded signal. Several complex signal transformations and analytical methods have been used in response to these difficulties reporting conflicting results, and there is urgent need to validate and standardize these techniques.
This study utilized the approach reported by Kuklik et al, 8 which recomposes the atrial electrogram from sinusoidal wavelets with amplitudes proportional to the negative slope of the electrogram. This same approach in AF has recently been validated against the CONFIRM technique, in a small study (n=12) in which similar rotational activity was identified. 29 To map phase with the FIRM technique, individual fibrillatory waves are substituted for unipolar action potential data using a previously validated library, which have a morphology more suited to the Hilbert transformation. 29 There are several similarities between our mapping and signal analysis method and the technique performed in the CONFIRM study, in that both studies used Constellation basket catheters, 22 to achieve high-density mapping and one would predict the same degree of interelectrode signal interpolation. There are several technical considerations and difficulties involved with mapping AF in this way, which has previously been reported by our group 30 and would have been similar across studies.
An alternative method by Roney et al, which was used in our mapping technique comparison substudy, applies a variety of filters to the electrogram signal to create a more sinusoidal signal, together with a pseudoempirical mode decomposition to create a zero mean signal, suitable for phase mapping. This has previously been validated and shown to perform well against simulated, experimental, and clinical data in atrial tachycardia and AF, with the additional benefit of being able to use bipolar data, which is less susceptible to noise artifact. 11 In the mapping technique substudy, we repeated our analysis using the alternative technique, in patients with an atrial tachycardia, relatively longer lasting PS, and only short PS duration. Both methods yielded similar results, which while accepting this was only performed in a proportion of the patients is reassuring in terms of the scientific validity of our chosen main approach.
Our observations on the electrophysiology of AF are in contrast to our previous observations on ventricular fibrillation in humans. 9 In these studies, ventricular fibrillation was maintained by large coherent wave fronts interrupted by disorganized wavelet patterns. The conclusion from these studies was that human ventricular fibrillation was driven by both mother rotor and multiple wavelet mechanisms. In the present study on AF, evidence for rotor activity was minimal or absent. The explanation for these differences is at present unclear. Similar analytical methods were used in both studies. One possibility might be that the thicker walled ventricular myocardium is more favorable to the formation and stability of rotors than the thinner walled atrium.
Limitations
Limitations of this study include a relatively small number of patients with PSAF; however, this should still represent a large enough cohort to have demonstrated rotors given their previously reported nearuniversal incidence. 13 There are significant methodological differences between our method of data processing and phase transformation compared with the previously reported mechanism. 13 However, our process used a mathematically robust method, previously validated in ventricular fibrillation and atrial electrograms, 8, 9 and has been demonstrated to show short-lived rotational atrial activity (Figure 3) . The electrogram sampling method is similar to previous studies, using the same catheters and electroana- tomic mapping systems, 13 albeit in the new Topera system (Abbot Electrophysiology, CA), there are some minor changes in electrode spacing. Other intracardiac catheters may offer a higher density of electrodes, but these will not allow whole-chamber panoramic mapping. Previous studies have shown that basket catheters have sufficient resolution to detect rotors in human AF but may result in several false PS detections that were not seen in simulations with double the number of splines 30 because such future catheter design could focus on basket catheters with an increased number of splines. Certainly, equatorial bunching resulting in a range of interelectrode spacing and difficulties with full electrode contact was observed in our cohort as described previously. 31 This is a universal problem with all studies and makes signal analysis more complex. We have not attempted to assess how the process of ablation will affect the electric wave fronts in this article. Additional limitations of our approach include the interpolation between electrodes, which were sometimes bunched, and the removal of poor-quality signals.
Conclusions
No long-lasting rotors or localized drivers were found in this cohort of PSAF. Although relatively short-lived PSs were identified, given their short life span, these are likely secondary to passive activation and not a mechanism for maintaining PSAF. We conclude, therefore, that the predominant mechanism in PSAF is the multiple wavelet hypotheses. 
